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INTRODUCTION 
ED a 
0 cu For a var ie ty  of space missions, both manned and unmanned, t he re  exists 
&I 

a need f o r  systems capable of generating power f o r  many thousands of hours 

of continuous operation. Power requirements range from a f e w  kilowatts f o r  

auxi l ia ry  use i n  near space missions up t o  many megawatts f o r  manned missions 

u t i l i z i n g  e l e c t r i c  propulsion t o  reach the  other planets of our so la r  system. 

Powerplant specif ic  weight (powerplant weight per kilowatt power output ) f o r  

t h e  high power l eve l  systems must be kept low because of (1) t h e  la rge  in- 

herent s i z e  of these systems and/or ( 2 )  the  strong dependence of e l e c t r i c  

rocket performance upon t h e  powerplant weight. 

The most promising power generat ion system f o r  near fu ture  application 

t o  missions requiring power leve ls  of several  kilowatts o r  more i s  t h e  indirect  

conversion closed loop system where heat is  generated i n  a nuclear or  so la r  

source and rejected by a radiator, with power being obtained from a turbine 

located i n  t h e  working f lu id  loop. The rad ia tor  has been shown t o  be t h e  

largest  component and a major weight contributor t o  t h e  powerplant and may 

eas i ly  cons t i tu te  half o r  more of t h e  t o t a l  weight, especially at t h e  high 

power levels.  Much at tent ion has been given t o  t h e  vapor-liquid (Rankine) 

system using a metal working f luid s ince th i s  system has a much be t t e r  tnermo- 

dynamic poten t ia l  than a gas (Brayton) system f o r  obtaining t h e  _low radiator  
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spec i f ic  areas and weights required f o r  l a rge  power output applications. For 

canparable turbine i n l e t  temperatures, a Brayton cycle rad ia tor  may require 

more than t en  t h e s  the specific area (square feet per kilowatt)  required for 

a Rankine cycle p9diator (refs. 1 and 2 ) .  However, f o r  non-propulsive power 

Systems of .%-=vera1 hundred kilowatts or less, where low specif ic  weight is 

not so c r i t i c a l  a requirement, t h e  Brayton cycle merits consideration because 

i ts  use eliminates (1) the problems associated with two phase flow i n  a zero 

gravi ty  environment, ( 2 )  t h e  presence of a severely corrosive working f luid,  

and (3) t he  poss ib i l i t y  of erosion damage t o  t h e  rotat ing components. Much 

of t h e  required equipment and technology f o r  t h e  Brayton cycle i s  presently 

available, and t h i s  system has a good poten t ia l  f o r  multiple starts as w e l l  

as f o r  achieving t h e  required long time r e l i a b i l i t y .  

The thermodynamic character is t ics  of Brayton cycle space power systems 

have been discussed t o  a limited extent by a number of investigators (e.g., 

refs. 1 t o  4). Each of these studies, however, was made f o r  cer ta in  idealized 

or  specif ic  conditions and none of them considered all the  pertinent system 

parameters. In view of these considerat ions, an ana ly t ica l  investigation was 

conducted i n  order t o  supplement t h e  previous studies and obtain a be t t e r  

understanding of the  thermodynamic character is t ics  of Brayton cycles f o r  space 

. 

application. This paper presents the r e su l t s  of the investigation. 

SYMBOLS 

Ai 

AR radiating area 

rad ia tor  in te rna l  heat t r ans fe r  area 

Cp specific he&t, Bz/ql>) (OR) 

E recuperator effectiveness 
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radiator gas fi lm heat t ransfer  coefficient based on in t  ernal heat t rans  - 
fer area, ~ t u / ( h r ) ( s q  f i ) ( O ~ )  

radiator  gas f i l m  heat t ransfer  coefficient based on radiating area, 

B-tu/(hr) (S¶ ft 1 ( O R )  

enthalpy change, Btu/lb 

shaft power, kw 

pressure, psia 

pressure r a t i o  (greater than unity) 

temperature, OR 

weight flow, lb/hr 

specif ic  heat rat i o  

emissivity 

efficiency 

Stefan-Boltzmann constant, 0.173~lO~~ Btu/(hr) (sq f't) (OR4) 

Subscripts: 

C 

C Y  

i d  

S 

T 

W 

1 

3 

4 

compressor 

cycle 

idea l  

sink 

turbine 

wall 

heat source -xi t  o r  turbine in le t  

turbine exit  or  recuperat or  i n l e t  

recuperator exit  or  raiiiator iiilet 

radiator  exit  or cmpressor in le t  



5 compressor exit or  recuperator i n l e t  

6 recuperator exit o r  heat source inlet 

CYCLE ANALYSIS 

A schematic diagram of a Brayton cycle configuration i s  shown i n  f i g -  

ure l(a) and t h e  corresponding temperature-entropy diagraa i n  f igure  l ( b ) .  

The c i rc led  numbers correspond t o  t h e  state point designations used i n  t h e  

analysis,  The heat source exit gas at point 1 expands through t h e  turbine 

t o  point 2, thereby producing the mechanical work necessary t o  dr ive t h e  

compressor and al ternator .  From t h e  turbine, the  gas enters t he  recuperator 

where it i s  cooled t o  point 3 as it t ransfers  heat t o  t h e  gas from t h e  cam- 

pressor. F ina l  cooling of the  gas t o  point 4 takes place i n  t h e  radiator,  

where t h e  excess heat i s  rejected t o  space. The gas leaving the radiator  

i s  then compressed t o  point 5, heated i n  t h e  recuperator t o  point 6, and 

fur ther  heated back t o  point 1 i n  the heat source. 

can include a l iqu id  heating loop and/or a l iqu id  cooling loop. 

t he  gas loop remains t h e  same as described above except that heat ex- 

changers replace the  heat source and/or radiator.  

Alternate configurations 

However, 

The purpose of the cycle analysis  was twofold: (1) t o  determine cycle 

performance, denoted by cycle efficiency, f o r  any chosen se t  of cycle con- 

dit ions,  and ( 2 )  t o  select  a set of cycle temperatures that i s  somehow 

advantageous t o  t h e  system. 

some c r i t e r ion  had t o  be chosen t o  serve as a guide f o r  t h e  select ion of 

desirable  cycle temperatures. The most log ica l  c r i t e r ion  seemed t o  be mini- 

mum system s ize  analor weight; however, such a ruiiliiiiizatioii pi=oce~-,.ire i . i s - ~ ~  

require an e f for t  w e l l  beyondthe scope of a preliminary study. Experience 

Therefore, before the cycle analysis  was started, 
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has shown that the radiator  i s  (1) the  largest  component, by far, i n  a 

nuclear-powered system, ( 2 )  one of t h e  two la rges t  components i n  a solar-  

powered system, and (3) a major  contributor t o  powerplant weight i n  both 

nuclear and so lar  systems. I n  addition, t h e  s ize  and weight of t he  radiator  

are grea t ly  affected by cycle tenpera twe selection. In a nuclear system, 

t h e  weight of the reactor, t he  other major weight contributor, i s  affected 

t o  a mxch smaller extent than i s  t h e  radiator  by the  selected cycle temper- 

atures because t h e  s i z e  of the  reactor is determined primarily by nucleonics 

considerations. In  a solar  system, however, t h e  s i z e  and weight of t h e  col- 

lector,  t h e  other la rge  component, are affected t o  la rge  extent by cycle 

temperature selection, but not t o  t h e  same extent as that of t h e  radiator.  

Consequently, some aspect of radiator  s ize  appeared t o  be a log ica l  c r i -  

t e r ion  f o r  cycle temperature selection. 

t h e  s i ze  and weight of a f i n  and tube radiator  a r e  minimized at approximately 

the  same cycle temperatures as are required t o  minimize the  radiating surface 

of a prime area radiator.  

study, can be defined as ei ther  a tubular rad ia tor  without f i n s  or a tube 

and f i n  radiator  with a 100 percent f i n  efficiency. 

area is  an indicator of both s i ze  and weight of t h e  radiator,  it was chosen 

as the  c r i t e r ion  f o r  cycle temperature selection. 

selected i n  t h i s  manner w i l l  be very near t he  optimum ones f o r  nuclear systems 

and will deviate only s l i gh t ly  from t h e  optimum ones f o r  so la r  systems. 

Experience has fur ther  shown t h a t  

A prime area radiator,  f o r  t h e  purposes of t h i s  

Since prime radiat ing 

The cycle temperatures 

Cycle Efficiency 

I -  Lhe cycie analysis was made usii-g meclisiiizal s h f t  paver t~ the  al.ten.et.nr 

as the  basis. 

assmpt  ions. 

Computation of cycle efficiency was performed using t h e  following 



(1) The working f l u i d  i s  an idea l  gas; consequently, spec i f ic  heat i s  

a constant independent of‘ temperature. 

(2)  No heat 

Cycle efficiency 

losses  from the sptem. 

is  defined as 

- - N e t  shaft pDwer = Heat supplied - heat re jected 
Heat supplied Heat supplied 

Symbolically, t h i s  def in i t ion  is 

(1) wc (T1 - Ts) - wc (T3 - T4) -T1 - T6 - T + T4 3 
T1 - T6 

- - - 
?CY wcp(T1 - T6) 

For a closed cycle using an ideal gas as working fluid,  recuperator effect ive-  

ness i s  expressed as 

T2 - T3 - T6 - TS E =  - 
T2 - Tg T2 - T5 

From equation (2), t h e  following two relat ionships  

Tg = T2 - T3 + Tg 

and 

T3 = T2 - E(T2 - T5) 

a r e  obtained: 

Substi tution of equations (2a) and (2b) i n to  equation (1) yields  

TS T 1 - T  + T 4 -  - 2 - 
‘CY T1 - ET2 - (1 - EJT5 (3) 

Division of both t h e  numerator and t h e  denaminator by T1 and expression of 

TgiT1 as (T5/T4) (T& yields 

qcy (4)  
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Equation (4) shows cycle efficiency t o  be a function of recuperator effective- 

ness and the  following temperature ra t ios :  turbine ex i t  t o  inlet, compressor 

exit t o  inlet, and compressor i n l e t  t o  turbine inlet. 

Compressor temperature r a t i o  (T5/T4) can be expressed as a function of 

turbine temperature ra t io ,  turbine efficiency, compressor efficiency, and 

the  pressure losses in  t h e  heat t r ans fe r  components. 

of the  f lu id  i n  t h e  compressor is 

The enthalpy change 

Cancellation of wcp and rearrangement of equation ( 5 )  yields  

T4 

The compressor pressure r a t i o  can be expressed as 

As seen from equation (61, t h e  fac tor  

inlet t o  exit pressure divided by the  r a t i o  of compressor exit t o  i n l e t  pres- 

rT/rc is equal t o  the r a t i o  of turbine 

sure and is a l so  equal t o  the  product of t h e  r a t io s  of exit t o  inlet pressure 

f o r  a l l  t h e  heat t r ans fe r  components. Consequently, rT/rC represents the 

f rac t ion  of compressor pressure r a t i o  that can be recovered t o  do work i n  t h e  

turb ine  and i s  an indicator of the heat t r ans fe r  component pressure drops. 

For t he  purpose of brevity, rT/rC w i l l  be subsequently referred t o  as the  

loss pressure rat io .  

The isentropic state equation is  
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and subst i tut ion of equations ( 6 )  and ( 7 )  in to  equation (sa) yields 

The enthalpy change of the f lu id  i n  the  turbine i s  

which upon simplification and rearrangement yields  

Substi tution of equation (sa) i n to  the isentropic state equation 

and s ~ s t i t u t i o n  of equation (10) in to  equation (8) yields 

Quat ion  (ll) is now substi tuted in to  equation (4) w i t h  a s l igh t  rearrange- 

ment t o  give the desired expression f o r  cycle eff ic iency 

l-q-T&) T2 T4 1 

1 i i -  
TC 

= 5. 
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Fluid specif ic  capacity rate, wc /P, which is  another indicator  of cycle 

performance, i s  required f o r  the  computation of specif ic  rad ia tor  area and is  

herein derived. 

P 

The required flow rate f o r  the working f luid can be expressed as 

N e t  shaft power 
Net work per  pound of f lu id  

w =  

which symbolically i s  

(13) 3415 P - - 3415 P w =  
cp [ ( T ~  - T ~ )  - - T ~ ) ]  c p T l l l  Y - - 2(; - $1 

T1 

Substi tution of equation (11) in to  equation (13) end rearrangement yields  the  

desired expression f o r  specific capacity rate. 

wc 
E=, 
P 

T1 

The working f l u i d  was assumed t o  be a monatomic gas w i t h  a spec i f ic  heat ra t io ,  

y, of L67 

Radiator Area 

The radiator  is considered t o  be a tube or  se r ies  of tubes either with- 

out f i n s  o r  with f i n s  of 100 percent effectiveness (no resis tance t o  heat 

t r ans fe r ) .  Consequently, a l l  radiat ing area is  prime area. The following 

assumptions are made f o r  t h i s  computation: 

(1) Sink temperature is constant fo r  any given radiator.  The sink tem- 

perature can be defined as t h e  equilibrium temperature that a body i n  space 

w i l l  a t t a i n  i f  there are no thermal influences other than t h e  radiant heat 
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absorbed from and emitted t o  space. Sink temperature, consequently, depends 

on such controllable factors  as the  absorptivity-emissivity charac te r i s t ics  

of t h e  radiat ing surface and t h e  or ientat ion of t he  rad ia tor  with respect t o  

t h e  space radiant energy sources. 

( 2 )  The gas f i l m  heat t ransfer  coefficient i s  constant throughout t h e  

radiat  oro 

(3) The temperature drop through t h e  tube w a l l  is  negligible. 

(4) Heat conduction along t h e  tube axis is neglected. 

For an element of tube length, t h e  heat t ransferred frum t h e  f l u i d  t o  

t h e  tube wall must equal t h e  heat radiated. 

A gas film heat transfer coefficient related t o  radiating area can be defined 

as 

Substi tuting equation (16) into equation (15) and solving f o r  T yields  

For t h e  element of tube length under consideration, t h e  decrease i n  f lu id  

sensible  heat m u s t  a lso  equal the heat radiated. 

Different ia t ion of equation (17) and subst i tut ion of t h e  d i f fe ren t ia ted  ex- 

pression in to  equation (18) yields 

-Wcp (e T: + .)UW ='ae(T, 4 4  - Ts)dAR 
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Rearrangement of equation (19)  i n  order t o  separate the variables r e su l t s  i n  

c J 
Dividing both s ides  of equation (20) by P and integrating between the  l imi t s  

yields  to  Tw,4 Of 0 t o  AR and Tw,3 
c 

where T, is related t o  T by equation (17) and w%/P is obtained fram 

equation (14). 

RESULTS OF ANALYSIS 

The developed equations showed that cycle efficiency and Specific prime 

rad ia tor  area are f'unctions of several system design factora  and two inde- 

pendent temperature variables, turbine exit t o  i n l e t  temperature r a t i o  and 

compressor inlet t o  turbine in l e t  temperature ra t io .  Cycle efficiency, as 

seen frorn equation (12), depends on such design fac tors  as turbine and corn- 

pressor efficiencies,  l o s s  pressure rat io ,  and recuperator effectiveness. 

Specific prime rad ia tor  area, equation (21), a l s o  depends on the  above 

mentioned design fac tors  as w e l l  as the  addi t ional  fac tors  of tu rb ine  inlet 

temperature, sink teaperatwe, radiating surface emissivity, and gas heat 

t r ans fe r  coefficient.  
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The r e s u l t s  of t he  analysis are discussed first w i t h  respect t o  t h e  

e f fec ts  of the cycle temperature var iables  and design f ac to r s  on cycle e f f i -  

ciency and then with respect t o  t h e  e f f ec t s  of these  same fac tors  on specif ic  

radiator  area. Ekcept where atherwise indicated, t h e  following se t  of design 

fac tors  were used t o  compute t h e  cycle e f f ic ienc ies  and prime rad ia tor  areas. 

Turbine i n l e t  temperature, OR . . . . . . a ., . . a . . 2160 

~inlr temperature ,  OR * .  . . * a I . o . .  . - a . 400 

Turbine eff ic iency ., . . * a . . . . . . . . . . . . . a 0.85 

Canpressor eff ic iency . . ., . - . - = . . * . . . e . . . . - 0.80 

Loss pressure r a t i o  . . - . . . . . . . . . I . . . . I . 0.90 

Recuperator effectiveness 8 . . . . . . . . . . . . a . . 0.80 

Radiator surface emissivity = . . . . . . . . ., . . a . . . . 0.86 

5 Gas heat t ransfer  coefficient, Btu/(hr)(sq ft rad. area) (%)  . . . * . 
Cycle Efficiency 

As mentioned previously, cycle eff ic iency is  a function of several  

system design fac tors  and two temperature variables.  

system design factors,  cycle eff ic iency is shown i n  f igure  2 p lo t ted  against 

cmpressor i n l e t  t o  turbine in l e t  temperature ra t io ,  T4/T1, f o r  several  values 

of turb ine  exit t o  inlet temperature  ra t io ,  T2/T1. 

note from f igure  2 a re  t h e  rapid decrease i n  cycle eff ic iency as 

increases, and t h e  f ac t  that a t  each value of 

lar value of T2/T1 that maximizes cycle efficiency. As Tq/T1 increases 

frm 0.20 t o  0-35, maxinun a t ta inable  cycle eff ic iency decreases by more than 

a f ac to r  of two. 

For a given set of 

The important things t o  

T4/Tl 

T4/T1 the re  is one particu- 
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For a given se t  of cycle temperature variables,  t h e  change i n  cycle 

efficiency with turbomachinery efficiency, loss pressure rat io ,  and recupera- 

t o r  effectiveness a r e  presented i n  f igures  3(a) ,  3(b),  and 3(c) ,  respec- 

t ive ly .  It i s  seen from f igures  3 (a )  and 3(b)  that cycle eff ic iency rapidly 

de te r iora tes  as t h e  turb ine  and compressor e f f ic ienc ies  or  t h e  l o s s  pressure 

r a t i o  decrease. Reductions i n  t h e  turb ine  and compressor e f f ic ienc ies  from 

0.90 t o  3.80 and 0,80 t o  0.70 result i n  cycle eff ic iency decreasing by 30 

and 65 percent, respectively, while similar reductions i n  loss pressure 

m t i o  cause 

The need for  high turbomachinery eff ic iency and l o w  pressure drops i n  a 

Brayton cycle power system i s  c lear ly  evident. 

cycle eff ic iency can be s igni f icant ly  increased by increasing recuperator 

effectiveness and, f o r  t h e  typ ica l  case presented, an effectiveness of 0-86 

r e su l t s  i n  a cycle efficiency double that obtainable without a recuperator 

( E  = 0 ) -  

OCCUTS because as more heat is supplied t o  t h e  gas i n  t h e  recuperator, less 

heat must be supplied by t h e  heat source. Recuperator weight, of course, 

i s  increasing with effectiveness and approaches i n f i n i t y  as effectiveness 

approaches one. 

extent on t o t a l  system weight and more w i l l  be sa id  about t h i s  i n  t h e  

radiator  area discussion. 

cycle efficiency t o  decrease by 20 and 30 percent, respectively. 

Figure 3(c)  shows that 

The increase i n  cycle eff ic iency with increasing effectiveness 

The choice of a design effectiveness depends t o  a great 

Radiator Area 

Radiator area, too, i s  a function of several system design f ac to r s  and 
two t a p e r a t m e  varia-iies. A s  meni,ioLpd g ~ - e p - ~ ~ - ~ ~ ~ ~ - ,  Al-- ---.*+-A nod 4 a C n r  

l 8 L l G  LuuLpuuGu LUu..LY""I 

areas a r e  prlme areas which can be used t o  (1) serve as a guide f o r  the  
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select ion of a desirable  s e t  of  cycle temperature variables, and ( 2 )  show 

how t h e  design factors  a f fec t  both radiator  area and t h e  choice of tempera- 

twe  variables. 

Radiator area i s  plot ted against  T4/T1 i n  figure 4 f o r  several  values 

of T2/Tlo Examination of figure 4 shows that:  (1) f o r  each value of T2/Tl 

t he re  results a curve which has a minimum radiator  area at some value of 

T4:’Tl, (2)  f o r  each value of Tq/T1 there is one value of T2/’T1 that 

yields  a minimum radiator  area, and (3) an envelope curve ( the  dashed curve 

i n  f ig .  4) drawn around t h e  family of curves a l so  shows a minimum radiator  

area. The shape of these curves is  readi ly  explainable. There are two 

opposing fac tors  which affect  rad ia tor  area. Radiative heat flux is pro- 

port ional  t o  t h e  four th  power of temperature; consequently, an increase i n  

rad ia tor  temperature level w i l l  ac t  t o  reduce rad ia tor  area. However, as 

seen from figure 2, cycle efficiency decreases with an increase i n  radiator  

temperature level; consequently, t he re  i s  an increase i n  rad ia tor  heat load 

which w i l l  act  t o  increase radiator area. It i s  the  interact ion of these 

t w o  e f fec ts  which cause the minimum observed i n  f igure  4. As seen from 

figure 4, t he  choice of cycle temperature variables must be r e s t r i c t ed  t o  

those combinations yielding radiator  areas i n  t h e  v i c i n i t y  of the  minimum 

if t h e  inherently la rge  radiator  is not t o  become even larger.  

The discussion t o  follow w i l l  show how t h e  design factors  affect  both 

rad ia tor  area and t h e  choice of temperature variables. 

similar t o  that shown i n  figure 4, w i l l  be used t o  represent radiator  area. 

Ebvelope curves, 

w i l l  be subsequently cal led (T2/T1) , and t h e  (T2/T1) l o c i  will be 
OPt apt 

shown on t h e  envelope curves. 
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The design fac tors  which influence rad ia tor  area are turbine i n l e t  

temperature, sink temperature, turbomachinery efficiency, loss pressure 

rat io ,  recuperator effectiveness, gas heat transfer coefficient,  and sur- 

face emissivity. 

i s  shown i n  figure 5, where prime rad ia tor  area is plot ted against 

f o r  turbine in l e t  temperatures of 1710°, 2160°, and 2500' R. 

turbine i n l e t  temperature from 1710' t o  2500' R reduces radiator  area by a 

f ac to r  of nearly four, 

as can be seen from f igure  5, hundreds o r  thousands of square feet of 

radiator  area, depending on turbine i n l e t  temperature and system power 

level, w i l l  be required f o r  Brayton cycle power systems. 

rad ia tor  area with increasing turb ine  i n l e t  temperature i s  due t o  t h e  in- 

crease i n  rad ia t ive  heat f lux which is proportional t o  t h e  fourth power of 

radiator  temperature. As turbine inlet temperature increases, t he re  i s  a 

small decrease i n  t h e  optimm values of Tq/T1 and T2/T1. In addition, 

the choice of 

increases, 

The e f fec t  of turbine i n l e t  temperature on radiator  area 

T4/Tl 

Increasing 

Such an area reduction i s  very s ignif icant  since, 

The reduction i n  

Tq/T1 becomes less r e s t r i c t ed  as the temperature l e v e l  

The effect of sink temperature on radiator  area i s  shown i n  figure 6, 

T4/T, f o r  sink temperatures where prime radiator  a rea  is  p lo t ted  against  

of Oo, 400°, and 600' R. Radiator area increases w i t h  increasing sink tem-  

perature due t o  a reduction i n  t h e  net rad ia t ive  heat f l u ;  t h e  increase i n  

area becomes qu i t e  significant as sink temperature begins t o  approach com- 

pressor inlet  temperature. For the  case shown i n  figure 6, an increase i n  

sink t a p e r a t u r e  from 0" t o  400' R results i n  a 13 percent increase iii mdis,tor 
0 0 

area w h i l e  fu r ther  increase from 400 t o  600 R r e su l t s  i n  a 30 percent increase 

n 
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i n  radiator  area. The optimum values of T4/T1 and T2/T1 increase s l i gh t ly  

and their proper choice becomes more c r i t i c a l  as sink temperature increases. 

The combined ef fec ts  of turbine i n l e t  temperature and sink temperature 

on radiator area are shown i n  f igure  7, where minimum prime radiator  area i s  

p lo t ted  against turbine in le t  temperature for  several  values of sink tempera- 

tu re .  The radiator  areas presented i n  t h i s  f igure  are the minimum obtainable 

( ioe . ,  those areas corresponding t o  t h e  optimum values of 

fo r  each combination of turbine i n l e t  and sink tpmperatures. 

from t h e  two previous figures, rad ia tor  area decreases w i t h  increasing turbine 

in l e t  temperature and decreasing sink temperature. 

perature on radiator  area is  seen t o  become more s ignif icant  as turbine i n l e t  

temperature decreases. Operat ion at higher turbine i n l e t  t anperatures, a s ide  

from reducing rad ia tor  area, has t h e  advantage of lessening operating f luctu-  

a t ions due t o  a change i n  sink tpmperature with posi t ion i n  space. 

T2/T1 and T4/T1) 

As was seen 

The ef fec t  of sink tm- 

The effect  of turbomachinery efficiency on rad ia tor  area is  shown i n  

figure 8, where prime radiator area is plot ted against  

and compressor eff ic iencies  of 0.70, 0.80, and 0.90. A reduction i n  turbo- 

machinery efficiency resu l t s  i n  a very s ignif icant  increase i n  radiator  area. 

A s  seen from f igure  8, a reduction i n  turbine and compressor eff ic iencies  

from 0.90 t o  0,80 r e su l t s  i n  a twofold increase i n  radiator  area while a 

further reduction from 0.80 t o  0.70 causes an addi t ional  threefold increase 

i n  radiator  area. 

crease i n  cycle efficiency shown i n  figure 3(a). 

T4/T1, as seen from f igure  8, decreases with decreasing turbomachinery e€- 

f ic iency i n  order t o  offset  t h e  rapid deter iorat ion of cycle efficiency; 

T4/T1 f o r  turbine 

This increase i n  radiator  area is  due primarily t o  t he  de- 

The opthum value of 
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consequently, radiator temperature has decreased, and the  combined ef fec ts  

of lower radiator  temperature and cycle efficiency cause t h e  la rge  increase 

i n  rad ia tor  areao The optimum value of T2/T1 is  seen t o  increase with a 

redwt ion  i n  turbomachinery efficiency. 

The e f fec t  of l o s s  pressure r a t i o  on radiator  area i s  shown i n  figure 9, 

T4/T1 f o r  loss pressure r a t i o s  where p r h e  radiator  area i s  p lo t ted  against  

of 0.'70, 0.80, and 0.90. A reduction i n  loss pressure r a t i o  r e su l t s  i n  a 

l a rge  increase i n  radiator  area. As seen from f igure  9, a reduction i n  

l o s s  pressure r a t i o  from 0.90 t o  0.80 results i n  a 50 percent increase i n  

radiator  area while a f'urther reduction from 0.80 t o  0.70 causes an addi t ional  

55 percent increase i n  radiator area. The increase i n  radiator  a reaand  de- 

crease i n  @hum -T4/Tl with decreasing loss pressure r a t i o  occur f o r  t h e  

same reasons as explained above f o r  decreasing turbomachinery efficiency. 

The optbum value of T2/T1 decreases with a reduction i n  loss pressure ra t io .  

The effect of recuperator effectiveness on radiator  area is  shown in  

f igure  10, where prime radiator area is  plot ted against 

a t o r  effectivenesses of 0, 0.5, and 1. Radiator area decreases w i t h  in- 

creasing effectiveness, and the  area required for E = 1 is about 70 percent 

cf that required f o r  E = 0. 

effectiveness is  due t o  the increase i n  cycle efficiency, as shown i n  f ig-  

ure  3(c). Although cycle efficiency is  more than doubled as effectiveness 

increases from 0 t o  1, t h e  decrease i n  radiator  area i s  not proportionately 

as great because t h e  area reduction occurs at t h e  high temperature (most 

e f f i c i en t )  end of t h e  radiator. Due t o  t h e  inherently la rge  s i z e  of t n e  

radiator,  even a 20 or 25 percent reduction i n  radiator  area, as can be 

achieved with recuperator effectivenesses of 0.8 t o  0.9, can result i n  enough 

T4/T1 f o r  recuper- 

The reduction i n  radiator  area with increasing 
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of a savings t o  offset  t h e  additional weight and pressure drop a t t r i bu tab le  

t o  a recuperator. The optimum value of T4/T1 increases only s l i g h t l y  

with increasing effectiveness; t h e  opt h u m  value of 

s ign i f icant ly  as effectiveness increases. This increase i n  T2/T1 is  advan- 

tageous since it re su l t s  i n  a reduction i n  the  pressure r a t i o  requiremerit f o r  

t h e  turbomachinery. 

T2/T1, however, increases 

The effect  of gas heat transfer coeff ic ient  on radiator  area i s  shown 

T4/T1 f o r  gas i n  f igure  11, where prime radiator area is  p lo t ted  against 

heat t r ans fe r  coeff ic ients  of 5, 20, and inf in i ty .  The heat t r ans fe r  co- 

eff ic ient  presented i n  t h i s  figure is t h e  coeff ic ient  r e l a t ive  t o  radiat ing 

area which, according t o  equation (16), is  equal t o  the coefficient relative 

t o  in te rna l  heat transfer area times the  r a t i o  of in te rna l  heat t r ans fe r  area 

t o  radiat ing area. For meteoroid protected tube and f i n  radiators, this area 

r a t i o  can be as low as 0.10 t o  0.25 and, consequently, cause the  heat t rans-  

fer coefficient r e l a t ive  t o  radiating area t o  be qui te  low. Radiator a rea  

increases with decreasing heat t r ans fe r  coefficient;  however, as seen from 

figure 11, the effect  of heat t ransfer  coeff ic ient  on radiator area is  qui te  

small f o r  coeff ic ients  i n  excess of about 20, but becomes s ignif icant  as the 

heat t r ans fe r  coefficient decreases below 20. A reduction i n  heat t rapfer  

coefficient from 20 t o  5 resu l t s  i n  a 40 percent increase i n  radiator  area. 

For those cases where t h e  heat t r ans fe r  coefficient i s  qui te  low, t he  use of 

in te rna l  f ins ,  which greatly increase t h e  rat i o  of in te rna l  t o  radiat ing 

area, can be beneficial. The opthum values of T4/T1 and T2/T1 increase 

s l i gh t ly  with increasing heat transfer coefficient.  
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The effect  of radiator  surface emissivity on rad ia tor  area is shown i n  

f igure  12, where prime area is  plot ted against 

0.6, 0.8, and 1.0. Radiator area increases with decreasing emissivity since 

t h e  rad ia t ive  heat flux i s  d i r ec t ly  proportional t o  emissivity. A 

reduction i n  emissivity from 1.0 t o  0.8 results i n  an 11 percent increase 

i n  radiator  area while a fur ther  reduction from 0-80 t o  0.60 causes an 

addi t ional  23 percent increase i n  area. The optimum values of Tq/T1 and 

T2/T1 

T4/Tl f o r  emissivi t ies  of 

appear t o  be nearly independent of emissivity. 

It is  interest ing t o  nute t h a t  t h e  optimum values of T2/T1 and T4/T1, 

even over t h e  wide range of design fac tors  investigated, were generally i n  

t h e  range of 0-70 t o  0.80 and 0.25 t o  0.35, respectively. 

SUMMARY OF RESULTS 

This analysis was conducted i n  order t o  obtain an understanding of t h e  

thermodynamic character is t ics  of Brayton cycles f o r  space application. 

charac te r i s t ics  of in te res t  are system performance, as denoted by cycle 

efficiency, and a desirable  s e t  of cycle tenperatures. Since the radiator  

is  t h e  largest  component and a major weight contributor t o  the system, mini- 

mum prime rad ia tor  area was selected as the c r i t e r ion  f o r  cycle temperature 

select  ion. 

The 

Cycle efficiency and prime radiator  area are functions of several  

system design factors  and t w o  independent temperature variables. 

efficiency depends on such design fac tors  as turbine and compressor e f f i -  

ciencies, l o s s  pressure r a t i o ,  and recuperator effectiveness. Radiator 

area also depends on the above mentioned design factors  as w e l l  as the  

addi t ional  factors  of turbine in l e t  temperature, sink temperature, radiating 

surface emissivity, and gas heat transfer coefficient.  The two independent 

Cycle 
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temperature variables were turbine ex i t  t o  i n l e t  temperature r a t i o  and com- 

pressor i n l e t  t o  turbine in l e t  temperature rat io. 

A t  each r a t i o  of compressor i n l e t  t o  turbine in l e t  temperature the re  i s  

one par t icu lar  value of turbine exit t o  i n l e t  temperature r a t i o  that maximizes 

cycle efficiency and an increase i n  compressor i n l e t  to turbine i n l e t  tem-  

perature r a t i o  results i n  a decrease i n  t h i s  maximum cycle efficiency, De- 

creases i n  turbine and compressor eff ic iencies  and l o s s  pressure r a t i o  re- 

su l t  i n  a rapid deterioration of cycle efficiency. 

offers  a poten t ia l  twofold increase i n  cycle efficiency. 

The use of a recuperator 

For any gi’ien set of  design factors,  a study of radiator  area reveals 

that: 

the re  is  one value of canpressor inlet t o  turbine inlet  temperature r a t i o  

that yields a minimum radiator area; (2) f o r  each value of t h e  r a t i o  of com- 

pressor i n l e t  t o  turbine inlet temperature the re  i s  one value 02 turbine 

exi t  t o  i n l e t  temperature r a t i o  that yields  a minimum radiator  area; and 

(3) there  i s  one combination of the  two temperature variables t h a t  yields  

a minimum radiator  area with respect t o  both variables. 

area c a  be reduced by increasing turbine i n l e t  t a p e r a t u r e ,  turbomachinery 

efficiency, loss pressure ratio,  recuperator effectiveness, gas heat t r ans fe r  

coefficient,  and surface emissivity and decreasing sink temperature. 

(1) f o r  each value of t h e  r a t i o  of turbine ex i t  t o  i n l e t  temperature 

Required rad ia tor  

The optimum values of the cycle temperature variables depend upon the  

par t icular  values of t h e  design factors. 

those usually encountered i n  a system design, t h e  optimum values of turbine 

ex i t  t o  inlet temperature r a t io  and compressor i n l e t  t o  turbine iniet  tempera- 

ture r a t i o  are generally i n  t he  range of 0.70 t o  0.80 and 0.25 t o  0.35, 

respect ively . 

For design factors  i n  t h e  range of 
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